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Abstract

Basic thermal parameters such as the glass transition and crystallization temperatures of bulk GexSb40−xSe60 (x = 15, 20, 25, 27, 32 and
35) glasses have been determined by differential thermal analysis. The observed peculiarity in the variation of the glass transition temperature
with the heating rate increase in the narrow range of average coordination numberZ = 2.65–2.67 has been related to structural and chemical
transitions. It has been established that especially the compositions atx = 20, 25 and 27 do not crystallize by the applied non-isothermal
regime. Identification of the corresponding crystalline phases for the rest samples has been specified. The apparent activation energy of
crystallization has values of∼174 kJ mol−1.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Thermal studies on chalcogenide glasses including glass
transition and kinetics of crystallization are of particular
interest from fundamental and practical view points[1].
These glasses are perspective infrared optical materials on
the basis of good infrared transparency in the 8–12�m
range, high refractive index, low optical losses, etc.[2,3].
During the last years Ge–Sb–Se glasses and especially the
GexSb40−xSe60 family have been intensively investigated
as regards their physical[4], optical [5], electrical [6] and
elastic [4] parameters. Peculiarities in the compositional
dependence of some properties atZ ∼ 2.7 have been found.
They are related to transition from a two-dimensional lay-
ered structure to a three-dimensional cross-linked network
[7]. The threshold behavior atZ ∼ 2.7 has been further
considered by accounting the formation energy per atom of
the glasses[8]. A nano-phase separation for explanation of
the changes at thisZ has also been suggested[9].

In our previous paper[10], such basic thermal param-
eters such as glass transition and softening temperatures,

∗ Corresponding author. Tel.:+359-2-7431256; fax:+359-2-9753632.
E-mail address: zojagiv@pronto.phys.bas.bg (Z.G. Ivanova).

apparent activation energy of glass transition, specific heat
capacity between glass and undercooled liquid and coeffi-
cient of thermal expansion of bulk GexSb40−xSe60 glasses
have been determined by differential scanning calorimetry
(DSC) and thermomechanical analysis (TMA). Besides, pe-
culiarities in some thermal[10] and physicochemical[11]
parameters of these glasses atZ around 2.67 have been es-
tablished. This paper is a continuation of the study on this
family and considers the evaluation of the glass transition
and crystallization by differential thermal analysis (DTA).
The results concerning glass transition have been compared
with those obtained by DSC and TMA.

2. Experimental

Glasses GexSb40−xSe60, for x = 15, 20, 25, 27, 32 and
35 were synthesized by the well-known procedure[10] of
heating at 950◦C from high pure (99.999%) elements. The
differential thermal analysis was carried out using instru-
ment R.M.I.-DTA 003 (Electronic Measuring Instruments,
Czech Republic) at a non-isothermal regime in the tempera-
ture range 25–900◦C. Small quartz ampoules with powders
(about 40 mg weight) were evacuated to 10−3 Pa and heated
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with different rates of 5, 10, 15 and 20 K min−1. The cal-
ibration was made with the help of In, Al, Zn, Pb and Sn
in order to eliminate the difference between the temperature
of the thermocouples in the furnace and in the vicinity of
the sample. Pure Al2O3 was used as a standard. The iden-
tification of the corresponding arisen crystalline phases was
made by X-ray diffractometer (Krystaloflex, Siements, Ger-
many) with Fe-filtered Co K�radiation and silicon (a=
5.43055 Å) as an external standard.

3. Results and discussion

The DTA data for the glass transition temperature (Tg) are
in a good agreement with those obtained by DSC and TMA
[10]. Fig. 1shows thatTg average values increase from 220
to 330◦C with increasingx, which is logical having in mind
that Ge is the highest melting element in the studied system.
On the other hand, this parameter increases with the heating
rate. A peculiarity in the compositional dependence ofTg
is observed—its increase at higher heating rates in a very
narrow range ofZ = 2.65–2.67 becomes more rapid and at
20◦C min−1 the change inTg is more than two times higher.
In addition, a similar feature is observed as at the softening
temperature, fragility and coefficient of thermal expansion
[10], as well as at the microhardness, micro-voids volume
and energy of their formation atZ = 2.65–2.67[11]. Fol-
lowing different concepts for explanation of this fact[7–9],
the observed feature can be connected with structural rear-
rangement expressing by phase transition and/or separation
and accompanied by a chemical threshold.

It should be mentioned that the compositions atx = 20,
25 and 27 are very good glasses because their DTA ther-
mograms do not show any crystallization effects after that
of glass transition (Fig. 2). A very weak exothermal peak is
observed atx = 15, and the samples that crystallize easy are
those atx = 32 and 35, i.e. close to GeSe2 (for comparison,
the general DTA curve of the Ge35Sb5Se60 composition is
given in Fig. 2). The corresponding X-ray diffraction data
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Fig. 1. Compositional dependence ofTg at different heating rates.
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Fig. 2. DTA thermograms of glasses.

are summarized inFig. 3. At x = 15, only a Sb2Se3 phase
crystallizes which is similar to the case atx = 10 [12]. At
x = 20, 25 and 27, any crystalline phases are not found on
the X-ray diffraction patterns (the weak traces atx = 25
could be attributed to GeSe phase). Atx = 32, reflexes
corresponding to c-GeSe2 and c-GeSe phases appear, while
at x = 35 predominantly a GeSe2 phase crystallizes. In the
latter two cases, lines connected with Sb are not registered,
i.e. the Sb concentration is rather low that to form some
separate phases. The GexSb40−xSe60 family belongs to the
non-stoichiometric Ge2Se3–Sb2Se3 line, i.e. it can be per-
formed as solid solution of these binary components. This
line is situated below the stoichiometric one in the Gibbs
triangle and therefore the glasses are referred as “selenium
deficient”, i.e. Se–Se bonds are assumed not to exist.

It is well known[13] that some glasses from the Ge–Sb–Se
system do not crystallize non-isothermally due to their
complicated structure. Stabilization of the glassy state is
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Fig. 3. X-ray diffraction patterns of the glasses studied.
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Table 1
Temperature and activation energy of crystallization

x (at.%) Z Tc (◦C) Ea (kJ mol−1)

5 K min−1 10 K min−1 15 K min−1 20 K min−1

15 2.55 332.5 340.8 347.4 356.3 174.7± 27.0
32 2.72 432.3 449.7 460.1 467.2 169.8± 2.7
35 2.75 447.6 464.2 473.0 480.9 177.3± 3.7

observed especially at compositions with Ge content more
than 20 at.% and Sb content up to 20 at.%. The possibility for
creation of several different structural units (s.u.) makes dif-
ficult to separate individual crystal phases. Only a prolonged
isothermal annealing of these glasses leads to separation of
a stable crystalline phase whose composition corresponds to
that of the predominant structural units in the glassy network
(GeS4 tetrahedra or Sb2Se3 pyramids). The distribution of
the chemical bonds in the GexSb40−xSe60 glasses shows
[11] that atx = 15 the content of Ge–Se and Sb–Se bonds
is equal. With increasingx, the fraction of Ge–Se bonds
increases at the expense of Sb–Se ones and atZ > 2.67 the
latter disappear. In particular, the ratio of [Ge–Se]/[Sb–Se]
bonds atx = 20, 25 and 27 is 2, 8 and 9, respectively, i.e. the
formation predominantly of basic glass-forming GeSe4 s.u.
is responsible for the very stable glassy state of these com-
positions. The appearance of so-called “wrong” homopolar
Ge–Ge bonds atx = 32 and 35 leads to cross-linking of the
glassy network and to a decrease of its connectivity. Con-
sequently, ethane-like (Se3Ge–GeSe3) s.u. can be separated
as a new nano-phase in the backbone of the glasses studied.

The crystallization peak is shifted to higher temperatures
with increasing heating rate (Fig. 4), while the melting point
remains almost the same (∼536◦C). The data for the crys-
tallization temperature (Tc) of the studied glasses atx = 15,
32 and 35, obtained by the applied non-isothermal regime at
four heating rates, are presented inTable 1. The average val-
ues increase from 344 to 467◦C with increasing Ge content.

The apparent activation energy of crystallization (Ea) is
associated with the nucleation and growth processes that
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Fig. 4. DTA curve of Ge35Sb15Se60 glass at different heating rates.

dominate the devitrification of most glassy solids. In gen-
eral, separate activation energies must be identified with the
individual nucleation and growth steps in a transformation,
although they have usually been combined into an activa-
tion energy representative of the overall crystallization pro-
cess[1]. In the applied non-isothermal method the sample
is heated at a fixed rate, and the heat evolved is recorded
as a function of temperature or time. This parameter is cal-
culated by the Kissinger equation[14]. The obtained values
of Ea ∼ 174 kJ mol−1 (Table 1) are two and more times
lower than those of glass transition, determined from DSC
and TMA by the same equation[10]. Consequently, the pro-
cess of transition from glass to undercooled liquid requires
rather higher activation energy than that of crystallization.

4. Conclusions

The obtained results from DTA study on GexSb40−xSe60
glasses have shown that the observed rapid increase ofTg at
higher heating rates in the narrow range ofZ = 2.65–2.67,
in particular with about two times at a heating rate of
20◦C min−1, has been related to structural transformations
in the glassy backbone. TheTc values vary from 340 to
470◦C and are higher by about 115◦C than those ofTg.
It has been established that especially the compositions at
x = 20, 25 and 27 do not crystallize non-isothermally at all.
The crystallization of Sb2Se3, GeSe2 and/or GeSe phases
has been specified for the rest samples. The corresponding
activation energy of crystallization is about two and more
times lower than that of glass transition.
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